Abstract Knowledge of biofilm structure and function has changed significantly in the last few years due to advances in light microscopy. One pertinent example is the use of scanning confocal laser microscopy (SCLM) to visualise corrosion pits caused by the biofilm mosaic footprint on corroding metal surfaces. Nevertheless, SCLM has some limitations as to its widespread use, including cost, inability to observe motile bacteria and eukaryotic grazers within biofilms, and difficulty to scan a curved surface. By contrast, episcopic differential interference contrast (EDIC) microscopy has provided a rapid, real time analysis of biofilms on opaque, curved, natural or man-made surfaces without the need for cover slips and oil. EDIC, coupled with epi-fluorescence (EDIC/EF), microscopy has been used successfully to visualise the 3-D biofilm structure, physiological niches, protozoal grazing and iron biomineralization, and the location of specific pathogens such as Legionella pneumophila, Campylobacter jejuni and Cryptosporidium parvum. These species were identified using gold nanoparticles or fluorophores coupled to monoclonal antibodies or 16S rRNA probes, respectively. Among its many potential uses, the EDIC technique will provide a rapid procedure to facilitate the calibration of the modern generation of biofilm-sensing electrodes.
Introduction
Biofilms are ubiquitous in nature and the built environment and usually constitute complex microbial consortia of bacteria, fungi and protozoa growing intimately on liquid/liquid, air/solid, solid/liquid air and solid/liquid interfaces (Ellwood et al., 1982) . For many years biofilms were observed using scanning electron microscopy (SEM) because of the high magnification and image contrast which could be achieved. However, many scientists ignored warnings that the necessary sample dehydration procedures might generate artefacts, particularly in biological specimens. This ignorance created several incorrect dogmas, for example that biofilms are flat confluent films. Even the advent of the environmental SEM (ESEM) created some problems because of the need to sublime off excess water which might cause biofilm structures, stabilised by hydrated exopolymeric substances, to collapse. The constraints of SEM and ESEM make it difficult, if not impossible, to follow the dynamics of biofilm attachment and detachment, protozoal grazing, the effects of shear or vitality and physiology. It was recognised, however, that alternative transmission light microscopy techniques could provide limited but useful information about biofilm structure, such as measurement of the depth of biofilm (Bakke and Olson, 1986) .
These microscopy problems were not adequately resolved until the advent of scanning confocal laser microscopy (SCLM) and multi-photon SCLM (MP-SCLM) with computer rendered 3D images, and the cheaper but more rapid episcopic differential interference contrast (EDIC) microscopy linked with epifluorescence (EF) microscopy (Keevil and Walker, 1992; Walker et al., 1998) . These techniques have now been used to demonstrate that biofilms are not thick, confluent films but have a highly ordered mosaic architecture with water channels (Lawrence et al., 1991; Rogers et al., 1991) through which grazing protozoa, in the environment, and macrophages, in vivo, are able to travel Brown et al., 1998) . In the case of complex microbial consortia of high species diversity in natural systems, the biofilm structure consists of a thin basal layer with "fronds" of microcolonies rising several hundred microns above the substratum (Figure 1) (Keevil, 1997) . For monocultures growing in rich laboratory media, various laboratories have described fat "mushroom" structures with copious EPS rather than fronds (Costerton et al., 1995) .
EDIC/EF has been shown to be particularly useful for studying biological contamination and biofilm formation on opaque surfaces, such as metals, plastics, tissue surfaces and indwelling medical devices (Figure 2) . (Rogers and Keevil, 1992; Keevil et al., 1995; Keevil, 2001) . Examples of the use of SCLM and EDIC/EF microscopy will be reviewed here, together with a description of the principles of EDIC microscopy.
SCLM and biofilm corrosion studies
The confocal microscope is equipped with a pinhole aperture placed in the focal point of the light from a single focal plane in the sample. Light from all other planes will have different focal points and, in practice, the images are eliminated by the pinhole (Figure 2 ). When the sample is moved up and down in a controlled step manner, images from each of the focal planes are collected. Computer image analysis captures the images and renders a 3D representation. The use of a high power laser makes the technique suitable for excitation of a fluorophore in biological samples. Ar lasers emit excitation light with a wavelength of 488 and 568 nm; more expensive Ar-Kr lasers emit with a wavelength of 488, 568 and 647 nm. These wavelengths are suitable for many commonly used fluorophores, such as fluorescein, green fluorescent protein (GFP), CY3, propidium iodide, rhodamine and Texas Red. To excite DAPI or some of the UV-GFPs requires an Ar laser emitting in the range 351-364 nm. The thin laser line scans the surface and can be rastered to scan more of the image if required. The emitted fluorescence light is detected by a photomultiplier tube or charge coupled device (CCD).
One problem is that the pinhole limits the amount of light reaching the detector, which encourages manufacturers to use more powerful lasers. This in turn results in more energy irradiating all of the planes below the scanned line which produces bleaching and cytotoxic effects in complex biological specimens. These problems have been overcome with the Figure 1 Open architecture structure of biofilm with fronds, water channels and grazing eukaryotic predators development of MP-SCLM. Fluorophores having a single photon absorption in the short (ultraviolet or visible) wavelength range are excited by a stream of strongly focussed subpicosecond pulses of laser light of relatively long (red or infrared) wavelength range (typically 690-1,000 nm). The energy of the light is lower so that when a probe absorbs a photon from the first pulse of light the electron is not elevated completely to an excited state. It is instead elevated to an intermediate or "pseudo" excited state and it will fall back to the ground state (S 0 ) without giving off any fluorescence. If the probe absorbs further photons, coming from subsequent pulses of the laser, then the electron can be elevated to the true excited state. Consequently, fluorescent light will be given off as it returns to the ground state. For 2-photon SCLM, the fluorophores absorb at one half the laser wavelength to produce fluorescent images and one third the wavelength for 3-photon SCLM. The technique benefits from the fact that fluorescence excitation is highly localised to a small volume at the focus of the illuminating laser light where the probability of multiple photon interactions is highest (Figure 2 ). Thus, any bleaching effects are also restricted to the focal plane and cytotoxic damage is significantly reduced. The great majority of the fluorescence is coming from the focal plane; consequently, a pinhole is not required. Another advantage is the ability to obtain deeper optical sectioning, increasing the working depth to obtain clear images from 50-100 µm towards 400-500 µm.
Using an MRC 600 SCLM (Biorad Ltd) equipped with a Plan Apo 60 oil objective lens, Walker et al. (1998) were able to observe biofilm formation on the surface of corroding copper coupons recovered from a laboratory continuous culture model system. Light microscopy had previously been used to visualise the biofilms and their vitality (Keevil and Walker, 1992; Walker et al., 1994) . However, these biofilms had to be removed in order to examine the surface below. The SCLM technique overcame this problem by visualising biofilm cells stained with rhodamine isothiocyanate (RITC) while the copper surface was flooded with fluorescein to discern corrosion pits below the surface (Figure 3) .
The digitised image of the x-y dimension shows biofilm bacteria at the surface of the copper while pools of fluorescein below the surface are clearly visible. Transposing a series of digitised optical sections into the sagital section x-z dimension clearly reveals a corrosion pit > 30 µm in depth with stained biofilm cells at the bottom. The association with biofilm metabolic activity was shown by staining corrosion pits with 5-(and -6-)-carboxy-2′,7′-dichlorofluorescein. The excitation and emission of this fluophore decrease in acidifying conditions, thus dark zones in the digitised fluorescence image correspond to areas of low pH. These are clearly seen adjacent to individual cells and microcolonies, as a halo, in Figure 2 Comparison of SCLM 1-photon and multi-photon fluorescence optics the corroding pit ( Figure 4 ). It was concluded that these halos corresponded to zones of H + production or acidic EPS that would initiate a corrosion cell on the copper surface.
MULTI-PHOTON

EDIC/EF microscope design
The latest version of the EDIC/EF microscope, is based on the prototype previously described (Keevil and Walker, 1992; Rogers and Keevil, 1992; Brown et al., 1998) . Conventional Nomarski diffential interference contrast (DIC) microscopy is superior to phase contrast microscopy and is especially suitable for z-direction detection. The technique can examine level differences of <10 Ο and enables detection of high extinction factor values, increasing image contrast and brightness, and defining spatial relationships more clearly. The images obtained in real time appear 3-dimensional, without the need to compile a series of thin optical slices and viewing the rendered images with red/green lenses as required for scanning confocal laser microscopy. Conventional DIC microscopy is commonly used with transmitted light and is therefore unsuitable for viewing biofilms on opaque materials such as rocks or plumbing tube. However, Keevil and Walker (1992) were able to adapt and reconfigure a Nikon Labophot-2 microscope to combine the normal epifluorescence attachment with episcopic DIC illumination above the light stage ( Figure  5 ). Key features of the modification are the use of a common halogen light source for both UV and higher wavelength illumination and repositioning the DIC polarizer and 1/4 wave plate in one of the filter block cubes in the carriage above the microscope stage. An adjustable analyzer was fitted into the main body between the DIC block and the eyepiece. This analyzer is withdrawn for epifluorescence work and an EFD filter block (containing the excitation filter, dichroic mirror and barrier filter) moved into the light path. The long focal length, non-contact metallurgical objectives allow depth observation throughout the biofilm, and avoid the need for coverslips or oil contact with the biofilms which might distort their structure and interfere with the reflected episcopic light. The objectives used were M Plan 150/0.95 210/0, M Plan 100/0.80 ELWD 210/0, and M Plan 40/0.5 ELWD 210/0 (Nikon). Removable DIC prisms are incorporated within the objectives and these can be simply withdrawn for epifluorescence work. The latest EDIC/EF design from Best Scientific Ltd (Swindon, UK) is based on the Nikon Eclipse 600 microscope. The removable prisms have now been dispensed with and the objectives are L Plan SLWD 100/0.70, Plan Fluor ELWD 40/0.60 and Plan 10/0.25. The substrata are illuminated with a super high pressure mercury lamp (200 W) and the images obtained are captured using a CoolSNAP-Pro COLOR (Media Cybernetics) CCD camera mounted on a trinocular head and transferred to a video recorder or a computer for image analysis.
EDIC/EF microscopy
The EDIC/EF microscope has facilitated the rapid scanning of biofilm and EPS on corroding copper surfaces. For example, copper substrata can be visualised directly without staining and it is clear that a heterogeneous biofilm with numerous water channels is present ( Figure 6A ). Interestingly, copious EPS production is evident and it is presumed that this affords a protective coat against potentially toxic copper ions during the leaching/corrosion process. Such biofilms can be stained with a range of flurophores, including acridine orange. This fluorophore intercalates between RNA and DNA bases, and the green or red fluorescence observed in cells is dependent on the concentration of nucleic acids present and whether they are single or double stranded (Figure 7) . Consequently, much structural information may be obtained with this fluorophore but it is impossible to differentiate dead cells (with degraded single stranded DNA) from rapidly growing cells (with a high RNA content) because they both fluoresce in the red part of the spectrum ( Figure 6B ). By contrast, slowly growing cells have intact double stranded DNA and a low RNA content, and therefore fluoresce green. It is also apparent that EPS can bind acridine orange, giving a pale green colouration that can mask the microcolonies making the polymer. A high RNA (especially rRNA) content is amenable to staining with fluorophore-liganded complementary oligomers and is discussed later.
Specific identification techniques
Observations in real time under ambient temperature and pressure using EDIC/EF microscopy have permitted the routine observation of motile bacteria and protozoa, as well as the identification of specific species within the biofilm consortia using labels (Keevil, 2002) . Of note, the DIC block was also found suitable for viewing silver enhanced, immunogold-labelled bacteria which appeared much brighter than unlabelled cells (Rogers and Keevil, 1992) . This technique was used to visualise the principal aetiological agent of Legionnaires' disease, Legionella pneumophila, within the fronds of aquatic biofilms (Figure 8 ). The work showed that the pathogen was not an obligate intracellular parasite of amoebae and protozoa, as first thought, but rather thrived extracellularly in biofilms of high species diversity. Indeed, legionellae survived well at temperatures >50°C where eukaryotic grazers were shown to be eliminated. It was concluded that the microaerophilic pathogen sought low redox niches created by the heterotrophic species respiring the available dissolved oxygen to low concentrations. This conclusion is by supported by other work showing that Escherichia coli could establish in biofilms for at least several weeks (Mackerness et al., 1993) and was located within the biofilm fronds, similar to legionellae; a nirB-β-galactosidase reporter construct, induced in the presence of low redox potential, showed that these cells were in regions of low redox and oxygen concentration (Robinson et al., 1995) . The observation that L. pneumophila was not an obligate intracellular parasite was finally confirmed when Surman et al. (1999) showed that the numbers of legionellae in biofilms actually increased when eukaryotic grazers were eliminated by addition of the antibiotic, cycloheximide. Clearly, it is a true extracellular member of biofilm consortia.
The EDIC technique was also found useful to visualise calcium carbonate scale that deposited in the fronds when they formed in hard potable water (Figure 8 ). This might have arisen due to the respiratory activity of the heterotrophic species present liberating carbon dioxide which reacted with the dissolved carbonates and bicarbonates to precipitate the scale. Such work with EDIC microscopy shows how environmental factors can modify or "condition" the biofilm structure and increase heterogeneity. Indeed, the ability of the DIC filter block to visualise both scale and silver enhanced cells has also facilitated the study of observing naturally metal-encrusted cells in real time in their normal ecosystem (Brown et al., 1998) . This work showed that active biomineralization by biofilm consortia occur on rocks in the Canadian Shield. Iron is precipitated in several forms, ferric iron is reduced to ferrous iron, iron is leached from the granite host rock and magnetite is converted to haematite over a period of several weeks. EDIC microscopy revealed that the iron precipitated directly onto certain bacteria in the biofilm, which were then specifically ingested by protozoa (Figure 9 ). This novel ingestion of iron-coated bacteria by diflagellate protozoans essentially eliminated iron from solution and trapped it within the biofilm. The authors concluded that over time in the natural environment, this iron, enmeshed within a biofilm, may become incorporated into iron-rich sediments. Similar studies to those with legionellae were undertaken with the microaerophilic pathogen, Campylobacter jejuni. These also indicated that the background autochthonous water microflora and the presence of a biofilm enhances the survival of the pathogen considerably, as determined by culture on selective media (Buswell et al., 1998) . The survival times were approximately doubled, for example, up to 700 h for strain CH1 and up to 350 h for strain 9,752 at 4°C. This observation is in agreement with studies on other pathogens which have demonstrated that integration into aquatic biofilms and interaction with the constituent microflora can enhance pathogen survival (Keevil, 2002) . Because of concerns that C. jejuni can become viable but non-culturable (VNC) following environmental stress, an oligonucleotide probe complementary to a region of the 16S rRNA of all known thermophilic Campylobacter species (R & D Systems, Abingdon, UK) was used to detect specifically the campylobacters by fluorescence in situ hybridisation (FISH). A second probe complementary to a region of the 16S rRNA conserved in the domain Bacteria was used as a positive control to detect all eubacteria. The Campylobacter probe was labelled with tetramethylrhodamine-5-isothiocyanate, and the eubacterial oligonucleotide probe was labelled with 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester, which resulted in double labelling ( Figure 10 ). Non-specific background fluorescence with biofilms had been observed using monoclonal antibodies raised against C. jejuni. The high background fluorescence with the autochthonous microflora in the native biofilms may have been the result of several contributory factors; for example, species in the autochthonous microflora may express cross-reactive epitopes, and Campylobacter strains may condition the biofilm matrix (conditioning film) such that the surface becomes coated with the reactive epitope (either by cell lysis or by cell excretion). However, this was much less problematic with the rRNA probes. Analysis of the biofilms by using Campylobacter-specific rRNA probes and FISH demonstrated that C. jejuni was present for at least 28 days at 30°C and for 42 days at 4°C following introduction into the experimental vessels. By this time the majority of the cells were spiral at 4°C but predominantly coccal at 30°C, as determined by epifluorescence microscopy. The rRNA probe signal also remained stronger at 4°C than at 30°C, suggesting increased survival and physiological activity at the lower temperature. At 4°C both strain CH1 and strain 9,752 were detected equally after they had lost culturability at 700 and 360 h, respectively; this continued up to the point at which the experiments were terminated (42 days). This study suggested that despite the environmental sensitivity of Campylobacter cells, their survival in a culturable form in water can be sufficiently prolonged for this vehicle to be potentially important in the transmission of the pathogen, particularly at low temperatures and when the organism is associated with a biofilm, where survival can be measured in weeks. There were no fluorophore-antibody cross reactivities observed when Cryptosporidium parvum was probed in potable water biofilms spiked with this coccidian parasite of man . The 5 µm diameter C. parvum oocysts were labelled with FITCconjugated antibody and observed by EDIC/EF microscopy to attach to 16 day old potable water biofilm fronds which were visualised with the nucleic acid fluorophores, 4′,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) (Figure 11 ). After 24 hours contact with the biofilms, oocysts adhered at a concentration of 14,000 oocysts cm -2 and maintained a high concentration in the biofilms over several months. Many of the oocysts were found to be take up DAPI but not PI, which has been suggested to be an indicator of intact oocysts with viable sporozoa. When the oocysts were recovered from the biofilms after several months they were found to be still capable of excystation, again indicative of viability, and could cause an infection in an animal model. These studies showed that the oocysts can survive in potable water biofilms for many weeks at 20°C in an infectious state. If the biofilm acts as a sponge, and concentrates low numbers of oocysts in properly treated water, then sudden sloughing of biofilm with a bolus of oocysts may be of the appropriate infective dose to cause infection by ingesting the water. The infective dose of C. parvum for man has been described to be less than 100 oocysts and may be less than 10 (Okhuysen et al., 1999) . Indeed, 400,000 people were affected in a single outbreak in Milwaukee, USA in 1993 due to contaminated drinking water (Mackenzie et al., 1994) . Only 6.7 to 13.2 oocysts per 100 litres of water could be detected, suggesting a low infectious dose and/or biofilm concentration and sloughing. This hypothesis may help explain the many sporadic cases of Cryptosporidiosis whose source is unknown because sporadic sloughing of infected biofilm would not be detected by routine monitoring.
Biofilm sensor calibration
It has long been realised that with appropriate water treatment at the municipal works, distribution systems are most vulnerable to ingress of chemicals and microbial pollutants post-treatment in the many kilometres of pipelines that carry drinking water to homes and businesses. This may arise for several reasons including back-siphonage, cross connections, line breaks, and/or repair of the distribution main (Mackerness et al., 1993) . These problems may be exacerbated by: (i) a loss of residual disinfectant (e.g. chlorine); (ii) survival and subsequent recovery of injured organisms; or (iii) failure of the treatment plant. Recent fears also concern criminal "bioterrorism" contamination of drinking water systems and the need for real-time monitoring stations to help water utilities protect against such threats. Increased faecal or soil pollution not only presents the risk of pathogen dissemination throughout the distribution supply, but also increases the assimilable organic carbon load which will stimulate biofilm formation on the walls of the pipework. Not surprisingly, therefore, there has been great interest in recent years in the development of remote electronic sensors to measure not only the chemical composition of the water in supply but also biofilm accumulation in situ, and the associated problems of pipe corrosion.
Among the spectroscopic or electrochemical and mechatronics based sensors advocated are: DTM (differential turbidity measurement), FOS (fibre optical device), FluS (fluorescence sensor), ATR-FTIR (Attenuated Total Reflectance Fourier Transform Infrared) flow through cell, electrochemical monitor, nanovibration monitor, and capacitive monitor. These devices possess inherently different sensitivities. DTM and FOS detect the deposition of material on surfaces and do not distinguish between biotic and abiotic material. They can give important information about the overall status of deposit formation. The FluS is based on the fluorescence signal of biological molecules and allows detection of biological material in deposits. The FTIR flow through cell can provide on line information into the chemical nature of the deposits, and the kinetics of response of pre-inoculated attached biomass. The electrochemical monitor measuring voltametry with platinum electrodes can give information about the physiological activity of the biomass. The nanovibation monitor includes piezoelectric devices capable of producing and detecting minuscule vibrations that depend on the amount and type of deposit attached to the surface. The capacitance monitor uses ultra-precise electronics to convert the capacitance information into an analogue signal.
All of these sensors require calibration using biofilms of known surface area coverage, height and biomass content (as protein or EPS carbon concentration), and of specified physico-chemistry such as viscoelasticity and the amount of carbonate scale deposition modifying structure and function. Given some of the technology, time and cost problems associated with SEM, the EDIC/EF microscopy technique arguably offers the ideal technique for characterising biofilms as a means of calibrating the new generation of sensors. These biofilms can be generated either in the laboratory using, for example defined, reproducible continuous culture techniques (Keevil, 2001) or in distribution supplies where Robbins device studs or short sections of the pipework can be removed for microscopy in the laboratory.
It is of great interest that the Hach Company and USA municipal officials have recently installed more than a dozen continuous monitoring platforms that for the first time have the ability to measure multiple parameters of water chemistry and transmit the data for remote retrieval. The platforms were placed at confidential locations throughout the distribution networks in Salt Lake City and Park City. The testing equipment was then connected, via unbroken cellular telephone data transfer with built-in redundancy features or directly to socalled SCADA systems. This data was monitored on an ongoing basis through the Internet, allowing local water officials to monitor for potential contamination of the distribution network on an around-the-clock basis. The communications abilities of the units were designed in partnership with Wireless Systems Inc. of Evergreen, Colorado. That company's "Data Door" is a wireless Modbus Interface specifically designed to communicate with remote process instruments, and operates by enabling the transfer of Cellular Digital Packet Data (CDPD) that is available in most metropolitan areas in the U.S. Besides being capable of connecting platforms in easy-to-reach locations, the technology can also enable water managers to monitor remote wells and tanks and other hard-to-reach locations within a water distribution system. Therefore, it is not unreasonable to suggest that remote sensing technology for biofilms throughout a distribution supply will soon become a reality.
Conclusions
In summary, great advances have been made in the development of light microscopy techniques over the last 20 years. These have enabled the visualisation and rendering of 2-D, pseudo 3-D and 3-D structures as digitised images for further manipulation and analysis. The techniques have provided valuable insight into surface fouling phenomena and biofilm structure and function. The rapid, non-contact technique of EDIC microscopy is particularly suited to observation of curved or highly corroded surfaces and, when coupled with epifluorescence, permits equisite monitoring and analysis of fluorophore-labelled cells in real time. The optical properties of confocal and EDIC microscopy techniques offer important advantages over more conventional electron microscopy techniques. The latter can also be tedious and expensive, and are now being overtaken. Clearly, the newer light microscopy approaches will find even great uses as their versatility and speed of use for fully hydrated samples becomes appreciated by the wider scientific community. They will have great potential, for example, as visual calibrators of electronic sensors developed for in situ monitoring of surface fouling and biofilm formation in the new age of electronic online monitoring of water systems.
